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Abstract

Photodynamic therapy (PDT) is a two-step procedure that involves the administration of special
drugs, commonly called photosensitizers, followed by the application of certain wavelengths of
light. The light activates these photosensitizers to produce reactive molecular species that induce
cell death in tissues. There are numerous factors to consider when selecting the appropriate
photosensitizer administration route, such as which part of the body is being targeted, the
pharmacokinetics of photosensitizers, and the formulation of photosensitizers. While intravenous,
topical, and oral administration of photosensitizers are widely used in preclinical and clinical
applications of PDT, other administration routes, such as intraperitoneal, intra-arterial, and
intratumoral injections, are gaining traction for their potential in treating advanced diseases and
reducing off-target toxicities. With recent advances in targeted nanotechnology, biomaterials,
and light delivery systems, the exciting possibilities of targeted photosensitizer delivery can be
fully realized for preclinical and clinical applications. Further, in light of the growing burden of
cancer mortality in low and middle-income countries and development of low-cost light sources
and photosensitizers, PDT could be used to treat cancer patients in low-income settings. This
short article introduces aspects of interfaces of intratumoral photosensitizer injections and nano-
biomaterials for PDT applications in both high-income and low-income settings but does not
present a comprehensive review due to space limitations.

Administration routes for oncologic photosensitizers.

Photodynamic therapy (PDT) is a photochemistry-based approach in which a photosensitizer
is energized by red or near-infrared light to generate reactive oxygen species that kill or
modulate target cells or tissues [1, 2]. A photosensitizer is defined as a chemical entity

that absorbs incident light and imparts a physical and chemical change on another chemical
entity. There are two main types of photosensitized reactions to produce reactive oxygen
species. In the Type | reaction, a photosensitizer at an excited state reacts with the substrate
to produce radical ions or radicals via electron transfer or hydrogen atom abstraction.

In the presence of oxygen, the photosensitizer radical ion can transfer the electron to

oxygen to produce superoxide radical anion (O,") or the radicals can further react to
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generate oxygenated species. In a Type Il reaction, the excited photosensitizer directly
transfers energy to the ground-state molecular oxygen without a radical ion intermediate

to form singlet molecular oxygen (10,). Common photosensitizers used in the practice of
photodynamic therapy (PDT) include porphyrins, chlorins and dyes. These photosensitizers
may be synthesized or induced endogenously in the heme biosynthetic pathway, such as 5-
aminolevulinic acid (5-ALA)-induced protoporphyrin 1X (PplX). There are several reviews
summarizing the history, development, and types of photosensitizers for PDT [3, 4].

Since Dougherty first reported successful PDT in a large cohort of cancer patients in

1978 [5], over 250 PDT clinical trials have been conducted to treat different types

of cancer [6, 7]. Photosensitizers are typically given to cancer patients or animals via
intravenous injection, topical application, and oral administration. Out of the 17 completed
cancer PDT clinical trials that were supported by NIH or other U.S. Federal agencies, 10
involved intravenous injections of photosensitizers, 5 delivered photosensitizers topically,
and 2 administered photosensitizers orally (ClinicalTrials.gov). While intravenous injection
remains the mainstream route of photosensitizer administration for cancer (i.e., accounts
for 12 out of 24 of the ongoing trials), alternative photosensitizer injection routes, such

as intratumoral (NCT04552990) and intravesical (NCT03945162) injections, are also
starting to gain traction in clinical practices (Figure 1). The most common intravenous
photosensitizers include porfimer sodium (Photofrin®), WST-11 (TOOKAD® Soluble),
verteporfin (Visudyne®, HS-201), temoporfin (tetra[m-hydroxyphenyl]chlorin, m-THPC, or
Foscan®), and 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH or Photochlor®)
(Figure 2). While topical and oral administration of 5-aminolevulinic acid (5-ALA or
Gliolan®) are broadly accepted due to their simplicity, safety, convenience, and cost
effectiveness, other groups have also demonstrated the feasibility and benefits (e.g., reduced
skin phototoxicity) of intravenous [8] and intravesical [9] 5-ALA injections in vivo.

Advances in photosensitizer formulation, surgical device design, and light applicators

[10] are creating tremendous opportunities to broaden photosensitizer injection routes

to include intraperitoneal, intra-arterial, and intratumoral administrations. Intraperitoneal

(or intracavitary) injection method has been reported to increase intratumoral
photosensitizer concentrations compared to intravenous injection [11-14]. With significant
progress being made towards antibody-photosensitizer conjugates (also known as photo-
immunoconjugates) [15-18], we [19, 20] and others [21, 22] have shown that photo-
immunoconjugates improve the selectivity and safety of photosensitizers, achieving a tumor-
to-normal tissue ratio (T/N) of around 9-13 in ovarian cancer mouse models [19, 21]

and reducing bowel phototoxicity [21]. Additionally, there have been key innovation in

the development of photosensitizing biomolecules [18, 23], light scattering agents, and
intracavitary balloon catheter light applicators [24-28] that, together with advances in photo-
immunoconjugates, make intraperitoneal photosensitizer delivery a more promising route of
administration in clinical practice [29].

Intra-arterial administration is another potential strategy to selectively deliver
photosensitizers to diseased sites and reduce the drug-light interval (i.e., waiting time
of light illumination after photosensitizer injection). The feasibility of intra-arterial
photosensitizer injection has been demonstrated in veterinary medicine using canine
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[30, 31] and swine models [32]. For example, Moore et al. showed that intra-arterial
infusion selectively delivers lipid-formulated QLT0074 photosensitizers to the prostate with
photosensitizer concentrations up to 18 times higher than that in the surrounding bladder,
rectum and urethral tissues [33]. In a canine case study with adenocarcinoma of the left
paranasal sinus, the combination of PDT with oral administration of 5-aminolevulinic

acid and intra-arterial injection of chemotherapy (carboplatin and doxorubicin) achieved
complete remission and long-term survival (~2 year) after initial disease presentation [34].
In view of these results, further clinical studies are warranted to evaluate the intra-arterial
injection of photosensitizers and chemotherapy for PDT-based combination treatments.

Benefits and challenges of intratumoral photosensitizer injection.

The intratumoral injection is particularly appealing for PDT of locally advanced,
unresectable solid tumors [35]. First, directly injecting photosensitizers into a tumor can
shorten the drug-light interval from a day to an hour [36] and reduce phototoxicity to
normal tissues (e.g., skin), which are current drawbacks of intravenous photosensitizer
injection [1]. Second, with growing clinical interest in interstitial PDT [37] and endoscopic
ultrasound-guided PDT [38, 39], where one or more laser fibers are inserted into the tumor
and/or margins, photosensitizers could be delivered intratumorally immediately prior to
optical fibers insertion through the same puncture or endoscopic approach. Finally, the

use of nano-biomaterials [40, 41] could further improve the distribution and retention of
intratumorally injected photosensitizer, enhancing the safety, reliability, and efficacy of
PDT. While direct intratumoral injections have significant advantages in photosensitizer
delivery, several challenges remain to be addressed: 1) backflow (or retrograde flow) of
photosensitizers along the catheter, 2) poor distribution, low retention, and quenching of
photosensitizers within the tumor, 3) reabsorption of photosensitizers into the bloodstream,
4) lack of methods to quantitatively image photosensitizer distribution and concentrations,
and 5) limited treatment efficacy with monotherapy. The following sections will provide
examples of how novel formulations of photosensitizers, innovative light delivery systems,
and PDT-based combination therapies could mitigate some of these challenges.

Intratumoral administration of photosensitizer-loaded nanoparticles to improve distribution
and retention has been studied /n vivo for many years. Liposomal photosensitizer is

one of the most studied nanoformulations for PDT [42—45]. D’Hallewin et a/. showed
that intratumoral injection of liposomal formulation of meta-tetra(hydroxyphenyl)chlorin
(Foslip®, 25 pL of 0.15 mg/mL) resulted in minimum reabsorption of meta-
tetra(hydroxyphenyl)chlorin into the bloodstream (maxed at 1.5 ng/mg) [44]. Using
intratumorally injected Foslip® and a drug-light interval of 24 hours, around 70% of

the tumor was necrotic after PDT. While light activation of Foslip® did not result

in a total cure likely due to the heterogeneous photosensitizer distribution, the authors
suggested that repeated PDT sessions might be beneficial. Other organic and inorganic
nanoparticles, such as polymeric nanoparticles [46, 47], upconversion nanoconstructs [48,
49], silica nanoparticles [50, 51], and gold nanoparticles [52, 53] are also promising for
intratumoral administration of photosensitizers and PDT. For example, Hu et a/. showed
that zeolite nanocarriers co-packaged with catalase and methylene blue photosensitizer
improve intratumoral photosensitizer delivery and singlet oxygen yield for enhanced PDT
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outcomes [54]. Specifically, adding 0.05 mg/mL of catalase into methylene blue-loaded
zeolite nanocarriers improved the singlet oxygen yield by approximately 3.7-fold upon
light activation (635 nm, 50mW/cm2, 5 min). Using a xenograft mouse model of human
SW1990 pancreatic cancer, the authors also showed that zeolite nanocarriers decrease the
diffusion rate and increase the retention time of methylene blue in tumors by nearly 3-fold.
Light activation of zeolite nanocarriers loaded with catalase and methylene blue completely
inhibited tumor growth for 18 days and achieved 100% morbidity-free survival. Pluronic
(F127) nanocomposite hydrogels have also been used to prolong the retention of micellar
pyropheophorbide a (PPa) and imidazole derivative in 4T1 murine breast tumors. The
pluronic composite gel increased the retention of PPa for up to 14 days and improved
PDT-induced tumor growth inhibition by 54% compared to intratumorally injected PPa,
which was cleared after 4 days with PDT-induced tumor growth inhibition of only ~28%
[55].

Implantable light sources and combination approaches for intratumoral

photosensitizer injection

In addition to novel photosensitizer formulations that improve distribution and retention in
target tissue, there have been recent developments in implantable light delivery systems

that can perform repeated PDT. Clinically, light has been successfully delivered through
chronically implantable balloon catheter systems to activate the photosensitizers for PDT
[24-28]. Preclinically, Bansal ef a/. showed that a wireless light-emitting diode (LED) could
be implanted near the MB49 bladder tumors to activate intratumorally injected chlorin e6
photosensitizers in mice [56]. Using wireless light delivery, two cycles of PDT suppressed
MBA49 tumor growth /n vivo for 15 days. Multi-cycle PDT could be used to manage tumor
burden post-surgery, particularly for residual or recurrent tumors.

It is increasingly evident that the most effective cancer treatments will likely involve

a combination approach targeting multiple non-overlapping tumor growth and survival
pathways. Photodynamic therapy and priming have been repeatedly shown to potentiate

the efficacy of chemotherapy [57-60], immunotherapy [61-64], and biological agents

[11, 65, 66]. We believe that intratumoral injection is an ideal method to deliver PDT-
based combination regimen because the appropriate dosage can be optimized and easily
controlled within a tumor for prolonged exposure. For example, Gupta et a/. showed

that nanoassemblies of anti-carcinoembryonic antigen (anti-CAE) monoclonal antibody and
technetium-labeled hematoporphyrin derivative (PS-3) could be directly injected into murine
Ehrlich ascites tumors for enhanced dye retention [67]. Tumor-selective accumulation of
anti-CEA-PS-3 conjugates can be seen up to 2 hours after intratumoral administration. Non-
specific diffusion of anti-CEA-PS-3 to the liver was observed at 6 hours after intratumoral
injection and cleared from the system by 26 hours. No anti-CEA-PS-3 accumulation in
muscle tissues was observed. Although PDT was not carried out in this study, these

results suggest that cancer-targeted PDT can potentially be achieved soon after intratumoral
administration of antibody-photosensitizer conjugates.

Nano Life. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maetal. Page 5

Future perspective: Is intratumoral photosensitizer injection an effective
approach for global health PDT applications?

In low and middle-income countries (LMICs), where access to surgery, radiotherapy, and
immunotherapy remains extremely limited, low-cost targeted therapies are desperately
needed to reduce the global burden of cancer [68]. Currently, low-cost targeted therapies
include cryoablation [69-72], thermocoagulation [71, 73], and ethanol ablation [74-77],
which have been used to treat a variety of cancers, including cervical dysplasia [69, 71, 73],
breast tumors [72], hepatocellular carcinoma [74-76], thyroid tumors [77], and renal tumors
[70], among others. However, these therapies are currently only used to treat superficial
dysplasia or small tumors (<3-5 cm in diameter) due to limited thermal diffusion [69, 71]
or poor retention of ethanol within tumors [78, 79]. Recently, Morhard et a/. demonstrated
increased intratumoral retention of ethanol through: 1) slowing the infusion rate, which
reduced backflow, and 2) adding the polymer ethyl cellulose to the injectate, which formed
a gel in tissue, further improving retention of ethanol in a hamster cheek pouch model of
oral squamous cell carcinoma [80, 81]. These approaches could also enhance intratumoral
delivery of low-cost photosensitizers for implementation of PDT in LMICs. Additionally,
Mallidi et al. developed an inexpensive, portable, battery-powered LED light source for use
in LMICs and found there was no significant differences in necrotic volume in a xenograft
murine model of human squamous cell carcinoma when compared with a standard, high-cost
laser source [82].

In summary, intratumoral administration of photosensitizers could be achieved through
minimally invasive techniques to significantly improve the T/N ratio, shorten the drug-light
interval, and reduce any associated adverse events, compared to intravenous injection.
Emerging intratumoral delivery platforms, such as nanoparticles and hydrogels, hold
promise to further improve the retention and sustained delivery of photosensitizers, thereby
enhancing the overall efficacy of PDT. With the development of low-cost light sources and
intratumoral delivery of photosensitizers, PDT may provide an increasingly effective, yet
affordable, method to treat cancer patients in both high-income countries and in LMICs.
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Ruthenium-based photosensitizers —
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Figure1|. Summary of photosensitizer administration routes for photodynamic therapy of
cancer in clinical trialsthat are published by the U.S. National Library of Medicine.

Data collected from the clinicaltrials.gov website show different photosensitizers (y-axis)
and their respective administration routes (x-axis). Each dot in the plot represents a

clinical trial that is Active (not recruiting), Enrolling by invitation, Recruiting, or Not yet
recruiting. Our summary indicates a majority of photosensitizers are currently administered
intravenously in the clinic, with the exception of 5-ALA. In the plot, clinical trials that are
Suspended, Terminated, Completed, Withdrawn, or have Unknown status were not included.
Photosensitizers include 5-aminolevulinic acid (5-ALA or Gliolan®), porfimer sodium
(Photofrin®), WST-11 (TOOKAD® Soluble), verteporfin-based PS (e.g., Visudyne®,
HS-201), ruthenium-based PS (TLD1433), temoporfin (tetra[m-hydroxyphenyl]chlorin, m-
THPC, or Foscan®), and 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH or
Photochlor®). Routes of administration include intravenous (IV, administration within or
into a vein or veins), topical (TOPIC, administration to a particular spot on the outer
surface of the body), oral (PO, administration to or by way of the mouth), intratumor

(IT, administration within a tumor), and intravesical (I-VESIC, administration within the
bladder).

Nano Life. Author manuscript; available in PMC 2022 June 01.

[



http://clinicaltrials.gov

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ma et al.

5-aminolevulinic acid, 5-ALA

Page 11

Photofrin, porfimer sodium

(prodrug of PplX) (A =630 nm)
" s —
NaO,CH,C),  CH, R CH, HC R
HoN OH
[}
NaO,C(H,C), CH, H,C o CH,
O.
HC CH, HC (CH,),CO,Na
CH, [0
R CH, NaO,C(H,C), CH, HC (CH,),CO,Na
<I:H, (- _In
R = HO—(IDH and/or —CH=CH,
CH,
Protoporphyrin IX, PpIX WST-11 Benzoporphyrin derivative, verteporfin
(A =630 nm) (A =753 nm) (A =690 nm)
HO
o
(o}
OH
TLD-1433 Tetra[m-hydroxyphenyl]chlorin, m-THPC, 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a,
(A =630 nm) temoporfin (A = 652 nm) HPPH (A =630 nm)
OH
j Gl
e

e | |
/RU\N/ oo\
Za |
- | NG X
I Z

HO

Figure 2|. Chemical structuresof clinically used photosensitizers described in Figure 1.
All the listed photosensitizers, besides the ruthenium-based photosensitizer TLD-1422,

contain the tetrapyrrole macrocycle structure. The porphyrin-based photosensitizers (e.g.,
Photofrin, protoporphyrin 1X) typically have a ring structure with 22 rc-electrons, while the
chlorin-type photosensitizer (i.e., tetra[m-hydroxyphenyl]chlorin) has one reduced double
bond. These photosensitizers absorb light at red and near-infrared wavelengths, allowing for
maximum penetration of light through tissues.
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